The phenomenon of morphogenesis observed in in vitro cultures, as the ability of cultured cells and/or plant tissues to regenerate into a complete plant, is used for propagation of orchard species plants of the genus Fragaria spp. Genetic mechanisms controlling the in vitro morphogenesis process are still not fully understood. Research has been conducted to broaden knowledge about the genetic control of this process. The aim of this study was to determine the effect of cytoplasmic loci on the inheritance of the cell morphogenetic potential within the species Fragaria x ananassa. The study included five strawberry cultivars-'Dukat', 'Jota', 'Temptation', 'Pastel' and 'Senga Sengana'. The third Griffing method of diallel crossing was fully useful for achieving the purpose of the research, because it allowed, by comparing the effects of reciprocal crosses for each crossing combination, determining the possible impact of cytoplasmic loci on the inheritance of morphogenetic abilities in the analyzed cultivars. Evaluation of the effects of reciprocal crosses showed different modes of inheritance of the morphogenetic potential in vitro of plant cells of these strawberry cultivars. The strawberry cultivar 'Dukat' transmitted genetic determinants of the morphogenetic potential cytoplasmically. Nuclear transmission of the morphogenetic potential was recorded for the cultivar 'Senga Sengana'. 'Jota', 'Temptation' and 'Pastel' cultivars passed on this trait in a cytoplasmic-nuclear mode. Morphogenesis efficiency of hybrids, whose maternal forms transmitted the morphogenetic potential in a cytoplasmic-nuclear mode, depended likely on the interaction between the maternal plasmotype and the paternal nuclear genes.
Introduction
Increasingly more species of plants-including many of great economic importance-are propagated on a commercial scale using the tissue culture method. The bases of plant in vitro cultures are plant morphogenetic abilities (Zhuravlev and Omelko 2008; Vidal et al. 2014) . The phenomenon of morphogenesis observed in in vitro cultures, as the ability of cultured cells and/or plant tissues to regenerate into a complete plant, is used for propagation of orchard species plants of the genus Fragaria spp. The totipotency exhibited by the apical meristem and adjacent portions of the shoot apex are the basis for the commercial micropropagation process of strawberry plants (Rout et al. 2000; Lisiecka 2014; Ikeuchi et al. 2016) . The Fragaria x ananassa species was introduced into in vitro cultivation about 40 years ago (Boxus 1974) . In a short time, this reproduction method of plants of this species found many supporters, mainly among the most important European companies involved in the seedling production. The material from in vitro cultures is of excellent quality and such plants produce a greater number of runners than conventionally propagated plants shortly after planting on plantations (Boxus et al. 2000; Żebrowska et al. 2003; Mohan et al. 2005) . Therefore, in vitro clonal reproduction of strawberry plants is used in breeding programs for the production of many comparable seedlings in parallel. In addition, strawberry seedlings in vitro can be kept at low temperatures for a long time, which allows to preserve the genetic resources of this species. New plant can be obtained in vitro by direct and indirect organogenesis as well as by using somatic embryogenesis (Debnath and Silva 2007) . The process of morphogenesis inheritance is best known and Communicated by Henryk Flachowsky.
1 3 described for cereals. Bhaskaran and Smith (1990) and Bregitzer and Campbell (2001) found that in vitro cereal morphogenetic abilities are inherited quantitatively. Tyankova et al. (2006) and Oleszczuk and Zimny (2000) reported that the morphogenetic potential of plant cells and tissues was a quantitative trait, and thus polygenically determined. Hence, a thorough understanding of its genetic determinants is difficult and requires observation of the phenotypic expression of the trait in numerous populations and to conduct many genetic analyses using special research methods. One of the methods of studying the inheritance of quantitative traits are different models of diallel crossings used due to the reliability of the results obtained as well as practical significance in plant breeding and biotechnology. Quantitative traits can be determined by nuclear genes or extranuclear genes, which are localized in the organelles (plastids and/or mitochondria). As a rule traits conditioned by extranuclear factors segregate during mitotic divisions, and do not show segregation during meiotic divisions, unlike nuclear genes. The main method of detecting extranuclear factors is to analyze their inheritance in further generations of heteroplasmic individuals. If hybrids resulting from reciprocal crossing between two parental forms have distinct phenotypes, it can often be an indication of extranuclear factor expressions (Gajewski 1987) . Thus, using reciprocal crosses, one can detect the influence of cytoplasmic genes, because they are generally inherited only from the mother. This does not mean, however, that microspores do not contain chloroplasts and mitochondria, but it is assumed that they are eliminated during fertilization and consequently are not passed on to the zygote (Hagemann 2002; Frei et al. 2003) .
Genetic mechanisms controlling the in vitro morphogenesis process that determine the regeneration of cells and tissues into a complete plant are still not fully understood. Due to the great importance of in vitro reproduction both in the cultivation and breeding of strawberries, research has been conducted to broaden knowledge about the genetic control of this process. The object of this study was to determine the possible effect of extranuclear loci on the inheritance of the cell morphogenetic potential within the species Fragaria x ananassa. Previous studies have not taken into account the role of extranuclear DNA in the inheritance of this trait in species of the genus Fragaria, hence the conducted research is an attempt to fill this gap in identifying the genetic determination of in vitro morphogenesis.
Materials and methods
Genetic research on in vitro morphogenesis was performed using the octoploid species Fragaria x ananassa Duch. (strawberry) containing 2n = 8x = 56 chromosomes.
The research was carried out in 2012-2015. It included five strawberry cultivars (Fragaria x ananassa Duch.)-'Dukat', 'Jota', 'Temptation', 'Pastel' and 'Senga Sengana'. The origin of the strawberry cultivars is given in Table 1 .
Obtaining the hybrid material
A crossing system according to the third Griffing method (Griffing 1956 ) was performed in order to obtain the hybrid offspring of the F 1 generation necessary for the experiments. The applied method consisting in performing simple and reciprocal crosses allows determining the influence of extranuclear loci on the inheritance of the examined trait by comparing the effects of reciprocal crosses for each cross combination (Ubysz-Borucka et al. 1985) . The number of cross combinations using five (p = 5) parental forms was p (p − 1), i.e., 20.
Evaluation of the expression of morphogenetic abilities of F 1 hybrids in in vitro culture
Evaluation of the expression of morphogenetic abilities of segregating F1 progeny populations was performed under in vitro culture conditions. Achenes of hybrid populations, i.e., the seed material, after prior surface sterilization in 5% aqueous sodium hypochlorite solution for 2 h and three times rinsing in sterile distilled water, were placed in Petri dishes with medium prepared on the basis of standard MS medium according to Murashige and Skoog (1962) without growth regulators and with limited sucrose concentration (5 g/L). The pH of the medium was adjusted to 5.7 and sterilized in an autoclave at 121 °C for 20 min at 0.1 MPa. The plates with the seeds were placed at a temperature of + 4 °C for a period of 8 weeks for stratification. After stratification, the plates were transferred to the growth chamber (photoperiod: 16 h day/8 h night, 40 µmol/m 2 /s) and seed germination was observed.
The emerging seedlings (primary explants) were transferred in the cotyledon phase, 40 for each cross In total, the morphogenesis efficiency was estimated for 1600 explants in the first and second stages of culture.
Biometric analysis of the hybrid material
The F 1 generation hybrids obtained from crosses were subjected to biometric analysis. The efficiency of morphogenesis in subsequent stages of the in vitro culture of each offspring combination was expressed by the average number of microshoots obtained from 40 randomly explants selected for propagation. The results were subjected to the analysis of variance for the diallel crossing model according to the third Griffing method. General (GCA) and specific (SCA) combining ability and the effects of reciprocal crosses (r ij ) were estimated for each parental form used for crossbreeding in relation to the analyzed trait. The significance of the differences between the efficiency of the total and specific combining capacities was estimated based on the multiple Tukey confidence intervals at P ≤ 0.05, while the effects of reciprocal crosses significantly different from zero were calculated based on the Student t-test.
Results
High differences were found in the number of microshoots formed by explants of segregating strawberry progeny combinations in the first culture passage ( Table 2 ). The average morphogenesis efficiency in the analyzed diallel crossing Means marked with the same letter do not differ significantly at P = 0.05 1 For LSD = 5.13 system was nearly nine microshoots per explant. The maximum value of the analyzed trait was 19.22 for the offspring of 'Pastel' × 'Jota' cross combinations. The smallest number of microshoots was formed by offspring explants of the combination 'Dukat' × 'Temptation' (3.67). The cultivar 'Senga Sengana', used in the diallel crossing system as a maternal form, produced offspring that was characterized by the highest average number of microshoots generated from a single explant (12.36). On the other hand, half-siblings of the 'Dukat' cultivar, used in the analyzed cross system as the maternal form, generated the lowest number of microshoots (average 4.62). The highest average number of microshoots was obtained from half-sibling explants of the paternal cultivar 'Jota' (11.12). The average values of the trait did not differ significantly between the offspring obtained using the remaining cultivars as paternal forms. High differences in the number of microshoots formed by the explants of segregating strawberry progeny combinations were also found in the second culture stage (Table 3 ). An average of 10.39 microshoots per explant was obtained at this stage of culture. Similarly to the first stage, explants of offspring obtained from the 'Dukat' × 'Temptation' combination produced the lowest number of microshoots in the second stage (5.37). The highest number of microshoots was obtained for the offspring of the 'Pastel' × 'Jota ' combination (19.17) . At this stage of culture, the average number of microshoots obtained for half-siblings, in which the 'Dukat', 'Jota' and 'Temptation' cultivars were used as maternal forms, was significantly lower than the means obtained for half-siblings of the 'Pastel' and 'Senga Sengana' cultivars. The half-sibling of the 'Senga Sengana' cultivar, used in the system as a paternal component, was characterized by (Griffing 1956 ) for morphogenesis efficiency showed a significant differentiation of GCA and SCA effects and the effects of reciprocal crosses for the tested parental forms and offspring of particular cross combinations (Table 4) . The GCA effects played a greater role than the SCA effects in conditioning the morphogenetic abilities of the hybrid progeny.
GCA analysis
The point scores of the general combining ability (GCA) effects were shown in Table 5 . The scores of GCA effects varied between the cultivars and had positive ('Jota', 'Pastel', 'Senga Sengana') as well as negative ('Dukat' and 'Temptation') values. GCA values proved to be significantly different from zero for the majority of the cultivars (apart from the cultivar 'Jota'). The cultivar 'Pastel' was characterized by the highest positive GCA value in the present system of diallel crossing. The lowest negative GCA value was estimated for the cultivar 'Dukat'. The lowest positive GCA effect recorded for the cultivar 'Jota' was insignificantly different from the 'Senga Sengana' GCA effect, but differed significantly from the 'Pastel' GCA effect.
SCA analysis
The point scores of the SCA effects were shown in Table 5 . They showed that these effects assume positive and negative values and the significance of many of them is statistically verified. The significance of any SCA effects on Table 5 General (GCA) and specific (SCA) (above diagonal) combining ability and effects of reciprocal crosses (r ij ) (under the diagonal) for morphogenesis efficiency in the F 1 offspring of five strawberry cultivars crossed in the diallelic system according to the third Griffing method 
Analysis of reciprocal cross effects: r ij
The results of the assessment of reciprocal cross effects of five parental forms were provided in Table 5 . They showed that the number of generated microshoots from the explant was higly differentiated in the majority of cross combinations. Offspring of a simple cross combinations, in which the cultivar 'Dukat' was a maternal form, had significantly fewer microshoots per explant than hybrids obtained from reciprocal crosses (of opposite directions) (Tables 2, 3 ). Only the cross combination between 'Dukat' and 'Jota' did not show the significant differences between the number of microshoots produced from the simple and reciprocal crosses. There were significantly negative values of the effects of reciprocal crosses in the cultivar 'Jota' used in this diallel crossing system as the maternal component in relation to two paternal forms, i.e., 'Pastel' and 'Senga Sengana'. The r ij effects for the cultivar 'Temptation' were negative in relation to the three paternal components: 'Jota', 'Pastel' and 'Senga Sengana'. The results obtained from crosses with the 'Pastel' paternal form were the only statistically insignificant outcomes. A high, significantly negative effect of reciprocal crosses was obtained for the cultivar 'Pastel' in a cross combination with the cultivar 'Senga Sengana'. The remaining combinations of this cultivar used as a maternal form showed positive effects. The cultivar 'Senga Sengana', used as a maternal form, showed significant positive effects of reciprocal crossing in relation to all analyzed paternal forms.
Discussion
Most of the utility plant traits are polygenically-controlled quantitative traits. Reports based on the results of many authors indicate that the morphogenetic potential of plant cells and tissues is also a quantitative and, therefore, polygenic trait (Oleszczuk and Zimny 2000; Li et al. 2003; Tyankova et al. 2006; Dodig et al. 2008) . The genotype of the primary explant is the most important factor determining the effective regeneration of plants from callus in various monocotyledonous plant species (Mathias 1990; Li et al. 2003) . However, still little is known about the nature of genetic control of plant regeneration in vitro. According to Komatsuda et al. (1989) and Mano et al. (1996) , regeneration of somatic embryos from callus of barley is controlled by several genes. Willman et al. (1989) suggested that maize had one gene or block of genes that control somatic morphogenesis in this species. Bregitzer and Campbell (2001) have identified quantitative trait loci for the regeneration of barley plants. The results of the research carried out in this work also confirmed the quantitative nature of morphogenetic potential inheritance of cultivars of Fragaria x ananassa species analyzed in vitro. A differentiated distribution of the results within the analyzed progeny combinations was found with simultaneous, often small differences in the morphogenesis efficiency between individual explants, which caused the variation observed for this trait to be continuous, characteristic of quantitative inheritance. This is demonstrated by the normal distribution curve of the morphogenesis efficiency for an exemplary offspring combination of 'Pastel' × 'Dukat' in the second stage of culture (Fig. 1) . Basic genetic knowledge about the cultivars (genotypes) and their traits, as well as the mode of inheritance of individual characteristics is necessary to achieve defined aims during breeding (Ukalska et al. 2007; Sieczko et al. 2008) . Different diallel crossing models are used to determine the inheritance of a specific trait and identify the best parental components. In strawberry, such diallel crosses were conducted to investigate the inheritance of quantitative traits, such as fruit yield, fruit weight, susceptibility to gray mold or color and firmness of fruits (Masny et al. 2005) . Such crosses were performed to study the inheritance of fruit ripening time (Żurawicz et al. 2006; Bestfleisch et al. 2013 ), resistance to Colletotrichum acutatum, and powdery mildew caused by Sphaerotheca macularis and Phytophthora fragariae (Melville et al. 1980; Gimenez and Ballington 2002; Davik and Honne 2005) . The third Griffing method of diallel crossing was fully useful for achieving the purpose of the research, because it allowed, by comparing the effects of reciprocal crosses for each crossing combination, determining the possible impact of extranuclear loci on the inheritance of morphogenetic abilities in the analyzed species. Masny et al. (2010) indicated, in the study on the strawberry genome, the participation of not only the genetic material present in nuclear DNA, but also an important role of cytoplasmic inheritance in determining the quantitative traits analyzed by them. The authors point out that the comprehensive understanding of strawberry inheritance mechanisms requires a long-term and more in-depth analysis of offspring derived from crosses in a diallel system using the third Griffing method. The negative effect of reciprocal crosses (r ij ) resulting from extranuclear (cytoplasmic) inheritance and the specific interaction of cytoplasmic maternal factors with nuclear factors (genes) of paternal forms has been observed earlier in many studies analyzing the strawberry genome (Hortyński 1987; Żurawicz 1990; Bestfleisch et al. 2013 ). This phenomenon was also observed in other species. The results from reciprocal crosses in wheat indicated that in addition to nuclear genes, cytoplasmic components might also have a significant impact on cell regeneration potential (Mathias et al. 1986, Ben Amer and Bӧrner 1997) . A similar phenomenon was also observed for various agrotechnical traits (Moran and Rooney 2003) . Peng and Hodges (1989) presented evidence in their work that rice regeneration capacity in tissue cultures are under control of nuclear and cytoplasmic genes. It was also noted in wheat that cytoplasmic genes played an important role in the regeneration of callus plants (Lazar et al. 1984) .
The results obtained in this study also showed that in vitro morphogenetic potential was inherited cytoplasmically in some strawberry cultivars. The analysis of variance of genetic parameters of hybrids revealed highly significant and differentiated effects of general and specific combining ability and the effects of reciprocal crossing for all studied traits. This showed the involvement of both additive and nonadditive variance and maternal effects in the inheritance of the morphogenetic abilities in the genus Fragaria. The ratio of the mean square values of GCA to SCA effects was 3.12, which indicated a different contribution of additive and non-additive genes in the inheritance of morphogenetic potential in the analyzed species.
In this study there was a clear relationship between the morphogenesis efficiency and the direction of parental cultivars crossing. Thus, it was significant for the morphogenesis process, which parental component in a given cross combination was used as a maternal or paternal form. The effects of reciprocal crossing for a particular pair of parents, with negative values significantly different from zero, indicated that the cultivar used in this crossing as a maternal form transmitted the genetic material determining the morphogenetic potential of the cells cytoplasmically. The genetic interpretation of the reciprocal crossing effects showed that only the cultivar 'Senga Sengana' affected the cell morphogenetic abilities via nuclear genes. However, in the cultivar 'Dukat', these were the cytoplasmic loci that determined the morphogenetic abilities of the cells, because the effects of reciprocal crosses of this cultivar with all analyzed paternal forms were negative. The influence of mother's cytoplasm on the inheritance of morphogenetic potential was also noted in other cultivars. However, this effect was not equally strong and depended likely on the interaction between the maternal plasmotype and the genotype of hybrids. Significant negative effects of reciprocal crosses were observed in all analyzed stages of the culture for the cultivar 'Jota' used as a maternal component in relation to the two paternal components, 'Pastel' and 'Senga Sengana', which indicated the epistatic interaction of cytoplasmic loci determining morphogenesis over nuclear factors. Similarly, the r ij effects for the cultivar 'Temptation' were negative in relation to the three paternal components: 'Jota', 'Pastel' and 'Senga Sengana'. A high, significantly negative effect of reciprocal crosses was also obtained for the cultivar 'Pastel' in a cross combination with the cultivar 'Senga Sengana'. In other cases of crossing of these cultivars, the genotype of hybrids (nuclear loci) showed epistatic effects over the maternal cytoplasm, hence the effects of their reciprocal crosses were positive. Such diversified effects of reciprocal crosses suggested that the morphogenetic potential of these cultivars was determined by various inheritance modes, and ultimately depended on the interaction between the plasmotype of the maternal cultivar and the genotype of the nucleus of the hybrid cells. Ultimately, the morphogenetic potential and morphogenesis efficiency of cultivars, for which both negative and positive effects of reciprocal crosses with various paternal forms were found, were probably caused by the interaction of the maternal plasmotype with the nuclear genes paternal form. Where the maternal cytoplasmic loci showed the epistatic effect on the paternal nuclear genes, this resulted in lower morphogenesis efficiency in the progeny of simple crosses and parallel negative effects of reciprocal crosses. The effects of reciprocal crosses were positive in different interactions, in which the nuclear loci transmitting the morphogenetic potential showed an epistatic effect on the maternal cytoplasm.
In summary, it can be concluded that the in vitro morphogenetic potential in the analyzed strawberry cultivars was inherited via nuclear genes, cytoplasmically and a combination of these two. The effects of cytoplasmic loci over nuclear determinants appeared only in the offspring with certain paternal cultivars in the case of cytoplasmic-nuclear inheritance. When selecting other paternal forms for a given maternal cultivar, morphogenesis efficiency was determined by the nuclear loci that masked phenotypic effects of cytoplasmic loci by acting epistatically towards them. Thus, the interaction between cytoplasmic and nuclear loci in the mixed cytoplasmic-nuclear inheritance of morphogenetic potential in vitro in the analyzed species of the genus Fragaria depended on the selection of parental components for crossing. Therefore, this mode of inheritance of morphogenetic abilities shows some analogy to the cytoplasmicnuclear male sterility (CMS) of certain cultivated species. The CMS phenomenon is caused by mutual interactions between genes located in the cell nucleus and those located in the cytoplasm (Sofi et al. 2007; Saxena et al. 2010 ).
Conclusions
1. The results of the study confirmed the quantitative nature of the inheritance of morphogenetic abilities in vitro in plants of the species Fragaria x ananassa. 2. Differences in the morphogenesis ability determined by the number of microshoots produced by the explants of offspring combinations of diallel crossing systems of strawberry cultivars were significant and depended on the crossed genotypes. 3. Evaluation of the effects of reciprocal crosses showed different modes of inheritance of the morphogenetic potential in vitro of plant cells of strawberry cultivars. The strawberry cultivar 'Dukat' transmitted genetic determinants of the morphogenetic potential cytoplasmically. Nuclear transmission of the morphogenetic potential was recorded for the cultivar 'Senga Sengana'. 'Jota', 'Temptation' and 'Pastel' cultivars passed on this trait in a cytoplasmic-nuclear mode. 4. Morphogenesis efficiency of hybrids, whose maternal forms transmitted the morphogenetic potential in a cytoplasmic-nuclear mode, depended likely on the interaction between the maternal plasmotype and the paternal nuclear genes.
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